NASA's Environmentally Responsible Aviation (ERA) project has matured technologies to enable simultaneous reductions in fuel burn, noise, and nitrogen oxide (NOx) emissions for future subsonic commercial transport aircraft. The fuel burn reduction target was a 50% reduction in block fuel burn (relative to a 2005 best-in-class baseline aircraft), utilizing technologies with an estimated Technology Readiness Level (TRL) of 4-6 by 2020. Progress towards this fuel burn reduction target was measured through the conceptual design and analysis of advanced subsonic commercial transport concepts spanning vehicle size classes from regional jet (98 passengers) to very large twin aisle size (400 passengers). Both conventional tube-and-wing (T+W) concepts and unconventional (over-wing-nacelle (OWN), hybrid wing body (HWB), mid-fuselage nacelle (MFN)) concepts were developed. A set of propulsion and airframe technologies were defined and integrated onto these advanced concepts which were then sized to meet the baseline mission requirements. Block fuel burn performance was then estimated, resulting in reductions relative to the 2005 best-in-class baseline performance ranging from 39% to 49%. The advanced single-aisle and large twin aisle T+W concepts had reductions of 43% and 41%, respectively, relative to the 737-800 and 777-200LR aircraft. The single-aisle OWN concept and the large twin aisle class HWB concept had reductions of 45% and 47%, respectively. In addition to their estimated fuel burn reduction performance, these unconventional concepts have the potential to provide significant noise reductions due, in part, to engine shielding provided by the airframe. Finally, all of the advanced concepts also have the potential for significant NOx emissions reductions due to the use of advanced combustor technology. Noise and NOx emissions reduction estimates were also generated for these concepts as part of the ERA project.
I. Introduction
ASA created the Environmentally Responsible Aviation (ERA) project in 2009. At the time of formulation, stable funding and consistent fundamental research direction were producing promising concepts and technologies that had the potential for further maturation at the system level in a relevant environment. The NASA Advisory Council called for NASA's Aeronautics Research Mission Directorate to plan and develop candidate systems-level research projects, consistent with the National Aeronautics Policy and Plan and leveraging NASA's unique expertise and competencies, to advance the state-of-the-art capabilities in key disciplines and facilitate transition of results to the aerospace community. In addition, there was strong support from industry for new system research plans. Finally, Congress supported this direction through FY10 appropriations funding the beginning of ERA. The ERA portfolio was focused on conducting research at an integrated system level on promising concepts and technologies and exploring, assessing, or demonstrating the benefits in a relevant environment (up to TRL=6). The criteria utilized for selection of projects were: 1 Senior Aerospace Engineer, Aeronautics Systems Analysis Branch, MS 442, AIAA Senior Member 2 Senior Aerospace Engineer, Propulsion Systems Analysis Branch, N https://ntrs.nasa.gov/search.jsp?R=20160007652 2020-02-23T00:52:02+00:00Z
• Technologies have attained enough maturity in the foundational research program that they merit more in-depth evaluation at an integrated system level in a relevant environment • Technologies which systems analysis indicates have the most potential for contributing to the simultaneous attainment of technical goals • Research not being done by other government agencies and appropriate for NASA to conduct
The ERA project focused on exploring new vehicle concepts and enabling technologies through system level experimentation to simultaneously reduce fuel burn, noise, and Landing Takeoff (LTO) NOx emissions. Figure 1 is NASA's subsonic transport system level metrics chart. The focus of ERA was on the "N+2" technology generation, defined as containing technologies that have the potential to mature to a TRL level of 4-6 by 2020.
The N+2 targets for noise, LTO NOx emissions, and fuel burn are enclosed within a green box to indicate that the ERA goal is to meet these targets simultaneously by focusing on advanced concepts and technologies and highly integrated engine/airframe configurations. Since the only current certification standard for NOx is LTO NOx, the cruise NOx emissions target was considered a secondary priority and is not addressed in this study. Although not considered in this study, a cruise NOx standard is quite likely at some future date and will require advanced combustors to maintain high efficiency at operating conditions throughout the flight envelope. The fuel burn target is a 50% block fuel burn reduction relative to a 2005 best-in-class baseline. As stated in the notes in Figure 1 , the N+2 values are referenced to a 777-200 with GE90 engines. Therefore, the Large Twin Aisle (LTA) class aircraft represented by the 777 was the primary focus of the ERA systems analysis; however, smaller and larger vehicles were also analyzed to capture technology scaling effects.
This study focused on the potential for N+2 technology generation concepts to meet the fuel burn reduction target shown in Figure 1 . To accomplish this, a family of N+2 concepts was developed at the conceptual level, and their fuel burn performance was compared to 2005 best-in-class baseline aircraft. These N+2 concepts spanned the vehicle class range from regional jets to very large twin aisle designs, including both tube-and-wing (T+W) and unconventional concepts. Table 1 lists the full set of N+2 concepts developed for this study. Two versions of the T+W301 and hybrid-wing-body-301 (HWB301) concepts were developed, one utilizing direct drive (DD) engines, the other utilizing geared turbofan engines (GTF). These will be referred to as T+W301-DD, T+W301-GTF, HWB301-DD, and HWB301-GTF. The N+2 concepts were utilized to integrate the set of technologies that have been matured by the ERA project, along with additional technologies expected to mature by the N+2 timeframe. The next section describes technologies matured as part of the ERA project.
II. ERA Technology Maturation
The ERA project culminated in the completion of a large number of sub-system tests that were intended to mature the selected technologies. Eight Integrated Technology Demonstrations (ITDs) were created and results from the ITD testing were utilized to form the input assumptions for the system level modeling. The following section provides a brief overview of each ITD. Section III, Vehicle Modeling, will present the data and assumptions derived from these ITDs that were utilized for the system level modeling.
A. ITD 12A+ Active Flow Control (AFC) Enhanced Vertical Tail plus Advanced Wing Flight Experiment
The AFC Enhanced Vertical Tail and Advanced Wing Flight Experiment ITD investigated two promising technologies. The first technology was demonstrated by testing the effectiveness of blowing a row of small unsteady jets across a rudder's leading edge, enhancing the rudder performance and allowing for vertical tail size reductions on future transport aircraft. This is particularly attractive when considering an aircraft family concept. To reduce costs, identical vertical tail assemblies are utilized across the family, resulting in over-sized tails for the stretch models (the vertical tail area is set by the shorter fuselage/moment arm, and as the fuselage length/tail moment arm is increased, less tail area is needed). By utilizing AFC technology on the shorter fuselage version, the tail sizes can be kept smaller on the stretch versions. This AFC technology will result in a size and weight reduction of the vertical tail and rudder that translates to a reduction in fuel burn and greenhouse gas emissions. See Lin, et al. 1 for more detail. The second technology maturation task was Insect Accretion Mitigation (IAM), which mitigates the aerodynamic effects of insect accretions on wings. One of the challenges for implementing laminar flow on wings is premature loss of laminar flow from roughness induced by insect contamination. The IAM research involved the investigation of insect protection coating technologies used to mitigate wing and leading edge insect residue adhesion in order to enhance and maintain laminar flow on the wing. See Lin, et al. 2 for more detail. Both technologies were flight tested at full scale on the Boeing ecoDemonstrator 757 aircraft in 2015.
B. ITD 21A Damage Arresting Composites Demonstration
Boeing and NASA have developed the Pultruded Rod Stitched Efficient Unitized Structure (PRSEUS) concept which provides stiffness in both in-plane directions to support flight loads and internal pressure loads. This advanced structural technology is a key enabler for the centerbody section of the HWB concept. In addition, the use of stitched resin infused (S/RI) composites, of which PRSEUS is a specific instantiation, has the potential to reduce structural weight for any concept. ERA partnered with Boeing in the fabrication and testing of the Multi-Bay Box (MBB) test article that is representative of a HWB centerbody cross-section between the wings at 80% scale. The approach for the experiment was to position the MBB in the Combined Loads Test System (COLTS) at the NASA Langley Research Center (LaRC) and subject it to a series of loadings to prove that it can withstand the design ultimate loads (DUL) and that the measured behavior agrees with analytical predictions. In 2015, the MBB was successfully tested to pressure loading up to the FAA-required pressure load of 2P (18.4 psi), bending loads corresponding to +2.5G (up-bending), -1G (down-bending), and the combination of pressure up-bending and down-bending load conditions. See Jegley, et al. 3 or Li and Linton 4 for details.
C. ITD 21C Adaptive Compliant Trailing Edge (ACTE) Flight Experiment
The ACTE ITD was focused on weight and drag reduction through the use of adaptive compliant structures. ERA partnered with the Air Force Research Laboratory (AFRL) who is sponsoring the development of adaptive compliant wing technology through the Small Business Innovation Research (SBIR) program with FlexSys, Inc. The ACTE technology will result in size and weight reductions for aircraft wings that translate to reductions in fuel burn and greenhouse gas emissions. The ACTE technology was matured in this ITD with a compliant flap designed for integration and flight testing on the NASA Armstrong Gulfstream III aircraft. Successful flight tests in 2015 increased the ACTE technology TRL to 6. See Miller, et al. 5 , and Herrera, et al. 6 for details presented at the 2015 Society of Flight Test Engineers Symposium. Also, see Miller, et al. 7 , Herrera, et al. 8 , and Cruz, et al. 9 , for additional information on the ACTE technology and flight testing.
D. ITD 30A Highly Loaded Front Block Compressor
In order to make improvements in aircraft engine overall efficiency, and thus reductions in thrust specific fuel consumption (TSFC) and fuel burn, increases in both propulsive efficiency and engine core thermal efficiency are sought. This ITD targeted increased core thermal efficiency, specifically through a significant boost in an engine's overall pressure ratio via a pressure ratio increase in the high pressure compressor (HPC). To achieve this objective without having to add multiple stages, which increases weight/complexity, the capability of the HPC's "front block" (first 3 stages) must be enhanced through increased stage loading while simultaneously maintaining compressor efficiency comparable to state-of-the-art HPCs. Technology development and maturation activities focused on improving the pressure rise across the first three stages of a 30:1 class HPC. Test activities included base-lining HPC front block efficiency and operability and demonstrating improved front block pressure gains while maintaining adequate efficiency and stall margin. Ground tests conducted at Glenn Research Center were successfully concluded in 2015.
E. ITD 35A 2nd Generation Geared Turbofan Propulsor
The direction of turbofan technology has been moving toward higher engine bypass ratios (BPR) and lower fan pressure ratios (FPR). As the BPR increases and the corresponding FPR decreases, the amount of fuel burned decreases. However, the fan diameter must increase to produce the same amount of thrust resulting in a larger engine nacelle diameter. This creates additional drag at higher flight speeds, meaning more thrust is needed to overcome the higher drag. Since noise is also a critical consideration in engine design, fan speed should be kept as low as possible to minimize the noise signature. However, lower fan speeds mean lower compressor and turbine component speeds in the engine core as well, since a common drive shaft connects the core components and the fan. A specific amount of power is needed to drive the fan for a given thrust; as the fan design speed drops, the turbine must get larger in size, both in number of stages and overall diameter, to produce the needed power. Larger components mean more weight, and more fuel burn to carry that weight around. To mitigate these problems, a gearbox has been utilized. Decoupling the fan from the other components on the shaft enables each machine to operate closer to its optimal speed. Pratt & Whitney's PW1000G is prepared to become the first geared turbofan (GTF) engine to enter service on a commercial aircraft 10 . The goal of this ITD is to help extend the fuel burn advantage trend line with increasing BPR in spite of the challenging trade-offs discussed above. To that end, the aerodynamic performance, operability, and noise characteristics of a 2nd Generation GTF technology for both conventional and advanced nacelles with lower weight and drag were tested.
F. ITD 40 Low NOx Fuel Flexible Combustor
A series of increasingly stringent LTO NOx emission standards by the International Civil Aviation Organization's (ICAO) Committee on Aviation Environmental Protection (CAEP) over the years has limited aviation emissions below 3,000-foot altitudes. These standards cover the landing, takeoff, descent, and taxiing phases of engine operation in a prorated fashion. ERA's target was to develop and demonstrate a low NOx, fuel flexible combustor that provides a 75% reduction in NOx below the CAEP/6 standard with no increase in particulate matter, and minimal impact on the fuel burn and noise targets. To meet the fuel burn reduction targets, advanced engines will be operating at higher pressures and temperatures that encourage NOx production. Improving specific fuel consumption while simultaneously reducing NOx requires advanced combustor technology. New injector designs and air/fuel mixing concepts, such as lean direct injection, will be required to meet the emissions targets and provide fuel flexibility; however, leaner-burn concepts tend to have less stability margin and require fuel staging and combustion control. This ITD reduced the risk of meeting the emission targets through sector rig and full annular testing of advanced combustors. See Van Zante 11 for more details on ITDs 30A, 35A, and 40.
G. ITD 50A Flap Edge and Landing Gear Noise Reduction
The full evaluation of noise reduction at the aircraft system level must consider both engine noise and airframe noise contributions. Considerable research in quiet engine technologies has resulted in significant reductions in engine noise during takeoff and landing operations. For current state-of-the-art aircraft, it is generally accepted that, on the landing approach, engine and airframe noise are comparable. Therefore, further reductions in community exposure to aircraft noise must also include airframe noise abatement. The main sources of airframe noise are the wing high-lift system (slats and flaps) and the undercarriage (nose and main landing gear). The Flap Edge and Landing Gear Noise Reduction (FE&LG NR) ITD developed 1) advanced tools and capabilities that enabled concurrent aerodynamic and acoustic design considerations to be integrated into airframe design cycles, and 2) effective noise reduction concepts that will contribute to meeting ERA's noise reduction goal. For flaps, these concepts directly affect the noise source regions at the side edges (tips) by altering the local steady and fluctuating fields. The noise reduction concepts for the main landing gear involve fairings that alter the local flow field impinging on various gear components in a way that minimizes the pressure fluctuations (noise sources) on the gear surfaces. A number of flap edge and main landing gear noise reduction concepts were investigated during wind tunnel tests of an 18% scale, semi-span aircraft model. See Khorrami, et al. 12 and Khorrami, Humphreys and Lockard 13 for more detail.
H. ITD 51A Ultra-High-Bypass (UHB) Ratio Engine Integration for Hybrid-Wing-Body Concepts
Aircraft engines are a significant contributor to aircraft community noise. Virtually all of the large-scale engineairframe performance information comes from conventional T+W configurations with engine pods hanging below the wings. Alternate configurations, such as hybrid wings with top-mounted engines and low-wing T+W concepts having over-the-wing mounted nacelles, may provide shielding benefits to reduce community noise. In the HWB configuration, the efficient integration of twin UHB turbofan engines will be critical to success from a performance (drag and stability and control), engine operability, and noise shielding perspective. Through extensive CFD analyses and wind tunnel testing, this ITD addressed two major areas of interest in the development of this technology:
• Aerodynamic Efficiency: Details of actual engine integration such as nacelle size and location relative to oncoming flows, vertical tails, and the aft deck are extremely important to interference drag effects as well as stability and control of a HWB configuration.
• Engine Operability: The operability of the inlets, fans, and nozzles resulting from the flow angularity driven by dominate flow-field features of an HWB configuration at low speeds, high angle-of-attack and crosswind operation must be examined before the HWB concept is considered a viable technology option for commercial transport vehicles.
See Flamm, et al. 14 , for additional details.
III. Vehicle Modeling
The following section describes the development of the N+2 concept vehicle models, including propulsion and airframe modeling for both conventional and unconventional concepts. Table 2 shows the five baseline aircraft utilized to calculate the fuel burn metric.
A. Baseline Models
Payload/range, weights, and geometry data from public sources were utilized to develop the models. For example, in the case of the LTA baseline, data from Boeing contained in their airplane characteristics for airport planning documentation was utilized 15 . In all cases, a design mission was selected and the zero fuel weight, operating empty weight, payload weight, range, and total fuel weight associated with the design mission were obtained. Geometric inputs were taken from scaled 3-view drawings provided in the documentation. The engine models were obtained from the Propulsion Systems Analysis Branch at NASA's Glenn Research Center (GRC). Engines were modeled using GRC's standard tools and process including NPSS 16 and WATE++
17
. NPSS is an engine cycle analysis tool developed jointly by NASA and U.S. industry. It is currently the accepted, state-of-the-art software for air breathing engine cycle performance analysis for the U.S. aerospace industry, academia and NASA. NPSS estimates engine performance (thrust, ram drag, fuel flow, etc.) for any desired flight condition. The NASA software tool WATE++ (Weight Analysis of Gas Turbine Engines) is used to create an engine component architecture that matches the engine thermodynamic cycle produced by NPSS. The cycle data required for WATE execution, such as airflow, temperatures, pressures, pressure ratios, etc., were derived from the NPSS cycle model output. The final required input to model the baseline vehicles was low speed aerodynamic data. The MVL-15 18 code was utilized to estimate takeoff and landing drag polars for the T+W concepts.
The Flight Optimization System 19 (FLOPS) code, a NASA aircraft sizing and synthesis design tool, was utilized to create full vehicle models. The design mission data, low speed aerodynamics, geometry and engine decks were loaded as inputs, and the weights were then calibrated to be consistent with the published data. The calibration process was completed using the analysis mode in FLOPS. The analysis mode is a single pass analysis of a given set of inputs with no optimization. Once the model is reasonably calibrated (all values within +/-1%), the FLOPS optimization capability was then utilized as the final step. This is an important step to avoid overly optimistic advanced vehicle estimates since the N+2 vehicle designs will be created using the optimization capability. By optimizing the baseline and then using the same objective function, design variables, and constraints for the N+2 vehicles, a consistent comparison can be made. Table 3 summarizes the optimization problem formulation. The fuel burn results from the optimization process are shown in Table 4 . Total fuel values for the selected design missions are shown, and the FLOPS optimization results are compared to the published data. The associated block fuel values are used for the fuel burn metric calculations. As stated above, the target is to reduce the block fuel burn by 50%, shown by the block fuel burn targets in Table 4 . It is important to note that the optimized baseline vehicles are no longer calibrated to the actual aircraft values since FLOPS will adjust wing area and thrust to meet the given Table 2 . Baseline Aircraft constraints resulting in baselines that are like the actual aircraft but not identical. This is required since the N+2 models will be optimized using the same formulation enabling a direct and consistent comparison between the baseline and N+2 concepts. 
B. Advanced (N+2) Propulsion Modeling
The technology assumptions utilized to develop the engine models were consistent with the N+2 timeframe. Where applicable, data from in-house/contractor tests or high-fidelity computational predictions were leveraged from the propulsion related ITDs and captured in the NPSS/WATE++ models.
NPSS and WATE were both modified to capture the impact of ITD 30A. This technology is specifically envisioned for an HPC typically found in a DD engine. Therefore, NPSS was used to develop an N+2 DD engine for the LTA vehicles. The HPC pressure ratio was increased to 27 (from a current technology value of 20 for this engine class) to represent an advanced HPC target. WATE++ was configured (via loading input) to match the front block compressor (3 stages) pressure ratio that was tested in NASA GRC's compressor facility.
For ITD 35A, NPSS fan maps based on computational predictions for an N+2 engine cycle were utilized. The maps analytically represent fan rotor performance as a combination of pressure ratio, airflow and efficiency across an array of operating speeds. To account for the effects of the static structure that comprise the remainder of the propulsor, a "loss model" methodology was used. This enables the engine model to calculate losses in the bypass stream due to the fan exit guide vanes and accounts for the effects of fan rotor exit swirl.
In addition to the ITDs described above, a number of other technologies were assumed as viable for inclusion given the N+2 timeframe. Specifically, ceramic-matrix composites were employed in the high-pressure turbine stators. These composites are able to withstand higher temperatures than a typical metal blade and allow for a reduction in turbine cooling flow levels. Also, the composite stators are lighter than the metal versions, so a slight weight benefit was captured as well. As engine diameters increase due to lower fan pressure ratio and lower specific thrust, the inlet L/D has been reduced to minimize scrubbing drag. The current vision is these inlets will maintain the inlet recovery levels of current inlets (so no performance impact), but the smaller L/D enabled an inlet weight savings for the N+2 engines. Table 5 shows the results of the N+2 engine modeling for all of the concepts except the large HWBs. Data is given at two conditions, TOC (Top-of-Climb) and SLS (Sea Level Static). The weights data shown is for the uninstalled engines, and the performance estimates include a 200 horsepower extraction and no bleed. The no bleed architecture is consistent with the more electric airplane design philosophy that was incorporated for the N+2 concepts. An additional 5% of the total engine pod weight is added upon installation to account for the pylon and mounting structure weight for the T+W and OWN concepts. An additional 12% of the total engine pod weight is added upon installation to account for the pylon and mounting structure weight for the HWB concepts. This value was derived from previous proprietary studies of engine installations on HWB concepts, and was also utilized for the MFN concept to account for the carry-through structure required for the fuselage side-mounted engines. The T+W98 and OWN98 designs utilized a small DD engine architecture, and the T+W160 and OWN160 utilized a small GTF engine architecture. The thrust levels are significantly less than current aircraft in these size classes due to the impact of the N+2 technologies, which enable much lighter and more efficient airframes leading to lower thrust requirements. The T+W216 and HWB216 utilized two medium GTF engines, and the T+W400 utilized four of the same medium GTF engines. The T+W301 concept utilized both a large DD and a large GTF. The GTF fan diameter was significantly larger than the DD (151 vs. 131 inches), but the overall length was shorter (245 vs. 274 inches). The GTF total engine pod weight was ~8% more than the DD weight, but the GTF SFC at TOC was ~5% lower. The large GTF engine was also utilized for the MFN301 concept. Table 6 shows the N+2 engine modeling results for the large HWB concepts. A 132 inch fan diameter constraint was applied to the large HWB concept engines due to propulsion airframe integration requirements that were quantified under ITD51A. The constraint was active only in the case of the large GTF engine. A separate engine was also sized for the HWB400 since it is a three-engine design and required more thrust than was available from three of the medium GTF engines that were utilized for the twin-engine HWB216 and the four-engine T+W400. Again, the weights data shown is for the uninstalled engines, and the performance data includes a 200 horsepower extraction and no bleed. In this case, the DD and GTF weights were similar, due to the active fan diameter constraint for the large HWB GTF engine. The GTF engine SFC is ~4% lower than the DD at TOC.
C. Advanced (N+2) Airframe Modeling
The vehicle modeling process started with the identification of the suite of advanced technologies that would be utilized. As shown in Figure 1 , the technology readiness level constraint for the N+2 timeframe is TRL 4-6 by 2020. Therefore, ERA Phase I and Phase II technologies were utilized, along with several other N+2 technologies that meet the TRL constraint but were not part of the ERA portfolio, such as riblet technology.
In the aerodynamics technology area, ITD12A+ targeted a transition Reynolds number for an upper wing surface chord laminar flow run of 35% at the mean aerodynamic chord (MAC) for the SA class T+W concept. Using this transition Reynolds number as an anchor point, adjustments were made for the larger vehicles to account for the sweep and Mach number effects using a proprietary Northrop Grumman natural laminar flow tool. Knock down factors (KDFs) were applied to account for the disruptions of laminar flow due to bug hits on the leading edges of the wing and tails. Although Krueger leading edge devices may protect the wing leading edge from bug hits, it was assumed the Krueger flaps would be retracted prior to the vehicle climbing out of the bug hit zone. As an example, without insect accretion mitigation (IAM) coatings, the KDF for the LTA class was estimated to be 12%, which would result in a 12% subtractive reduction of chord laminar flow due to bug hits. With the IAM coatings, this KDF is reduced to 7%, resulting in a reduction of laminar flow achieved (at the MAC) from 20% chord to 13% chord. The final adjustment assumed the use of discrete roughness elements (DREs) to extend the NLF run by a factor of 1.2, as estimated by Malik, et al. 20 , resulting in an upper wing surface natural laminar flow run of 15% chord. Active laminar flow control technology was also examined, focusing on hybrid laminar flow control (HLFC) via suction technology. This technology can enable wing upper surface laminar flow runs of 50% chord, see Collier 21 , but requires additional equipment such as ducting, compressors, and control hardware and software. Based on a previous unpublished study, a value of 10.6 lb/ft was utilized to estimate the weight of this additional equipment. The length is defined as the linear running length of the system along the leading edge of the wing and tails. A 0.1% fuel flow increase was also modeled to account for the extra power required to run the suction system. As an example, for the case of the T+W301, the linear distance of the suction system was estimated to be 314 ft, resulting in a weight increase of 3328 lb. This weight increase is roughly equivalent to the weight of the air conditioning system in the baseline aircraft. In all cases the HLFC technology resulted in an overall system benefit compared to the NLF approach, and was therefore utilized for all of the N+2 vehicle models.
As mentioned above, riblet technology was utilized to reduce turbulent skin friction drag. Wetted areas of the wing, horizontal tail, and nacelle were reduced to model turbulent skin friction drag reductions for riblets based on Walsh, Sellers and McGinley 22 and a previous Boeing proprietary study. These wetted area reductions simulate the application of riblets to these areas, and directly reduce the skin friction drag of the vehicle. Table 7 summarizes the application of the HLFC and riblet aerodynamic technologies to the conventional N+2 T+W vehicles. Table 8 summarizes the application of the HLFC and riblet aerodynamic technologies to the unconventional N+2 concepts. ITD 12A+ also contained research to mature active flow control (AFC) technology applied to a vertical tail. Based on an unpublished Boeing study, a 14% reduction in vertical tail area was estimated for a mid-sized twin aisle class vehicle. This tail size reduction was applied to the N+2 T+W vehicles but not to the HWB concepts.
ITD 21C focused on maturing the ACTE technology. This technology has the potential to reduce both structural weight and cruise drag by actively manipulating the wing trailing edge to optimize performance throughout the flight envelope. A 2015 Boeing systems study 23 included an analyses of the ACTE impacts to an HWB design (the -0009H1), and two T+W designs (an STA with 222 passengers, and an SA, with 154 passengers). The ACTE system was applied only to the aft portion of the flap, allowing single slotted Fowler flap action in the low speed configuration, thus preserving high lift characteristics. The results showed significant wing box weight reductions for all cases, but at the expense of increased control surface weight. Overall, there is a clear system benefit to this technology. For the STA, the inboard aileron on the baseline vehicle handles roll control freeing up the outboard aileron for load alleviation. The addition of the ACTE technology augments this load alleviation capability, resulting in an overall wing weight reduction. For the SA, the baseline aircraft utilizes the outboard aileron for roll control and therefore limits the effectives of this control surface for load alleviation. The addition of the ACTE technology shifts roll control inboard thus partially freeing the outboard aileron for load alleviation. The overall wing weight benefit is positive, but not as much as seen for the STA case. For the HWB, the conclusion was the ACTE technology does not provide an overall system benefit. The HWB trailing edge has multiple control surfaces and the ACTE technology provides no additional flexibility to schedule the control surfaces beyond what is already inherent in the HWB design. Therefore, the ACTE technology was not applied to the HWB concepts. A drag reduction of 1% was applied assuming the use of the control surfaces to vary the camber during cruise for optimized performance based on the work of Szodruch 24 , Siclari 25 , and Lyu 26 . The last two rows in Table 9 and Table 10 show the FLOPS wing weight adjustments utilized to account for the ACTE technology.
In the weight reduction technology area, ITD21A focused on maturing a stitched, resin-infused (S/RI) composite approach. The PRSEUS implementation of the S/RI technology was utilized to build a multi-bay box (MBB) representative of an HWB centerbody cross section between the wings at 80% scale. Overall, the PRSEUS structure performed well and met its goals. Boeing performed a systems study to estimate the weight savings impacts of the S/RI technology for both T+W and HWB concepts. Using this information, FLOPS weight adjustment factors were derived for the N+2 concepts. Table 9 shows the derived FLOPS adjustment factors utilized for the conventional T+W vehicles. , estimated a 10.3% weight savings relative to sandwich composites. The 2015 update showed an additional 7.8% total body structural weight savings for a total of 18.1% weight savings relative to sandwich composites. A new FEM based HWB weight estimation tool called HWB Concept Design Structural analysis (HCDStruct) was created under ERA by Gern 28, 29 to capture these weight savings impacts of the PRSEUS technology. HCDStruct was utilized to provide direct estimates of the HWB structural weight which were input into FLOPS overriding the internal FLOPS weight estimation. HCDStruct was utilized to model the Boeing OREIO BWB design (open rotor propulsion version of BWB, see Pitera, et al. 30 ), and the Boeing -0009H1 BWB design. The -0009H1 is the result of refinement conducted under ITD51A of the -0009A design that was developed under the ERA Advanced Vehicle Concepts (AVC) contract with Boeing 31 . Without any tweaking or calibration, HCDStruct estimated the OREIO structural weight to within 1% of the Boeing estimate, and to within 1.4% of the Boeing estimate for the -0009H1. This benchmarking process provided confidence that HCDStruct results are consistent with Boeing BWB weight estimates. Table 10 shows the derived FLOPS adjustment factors utilized for the unconventional concepts. The MFN301 is a variant of the Boeing B27 design with the engines mounted in a mid-fuselage location which positions the engine inlet plane in line with the wing trailing edge to provide noise shielding. The concept utilizes a double-deck passenger layout to enable a more efficient engine carry-through integration. The B27 concept was developed as part of the previously mentioned ERA AVC study with Boeing (ref 28). ITD51A focused on the propulsion airframe integration (PAI) of UHB engines onto an HWB concept. Locating the engines well forward of the trailing edge improves the shielding effectiveness and lowers the overall noise; however, from an aerodynamic perspective the engines need to be located further aft to avoid locating the inlets in high speed/drag flow. In addition, the interference drag generated by the pylons and nacelles interacting with the body and the vertical tails must be minimized. Therefore, determining the optimum engine location and quantifying the installation drag is a complex but important challenge. The goal was to successfully integrate the engines with a drag penalty of no more than 2-3%. Based on extensive CFD analyses and wind tunnel testing, the current engine installation drag penalty is estimated to be 1.4%. The BWB-0009H1 is the configuration that emerged from this extensive analyses. This drag penalty is applied as an overall subsonic drag increase to the HWB concepts with the assumption that a similar level of performance to the BWB-0009H1 can be achieved. In addition, the engine installation geometry from the BWB-0009H1 was utilized to locate the engines on the N+2 HWB concepts. In addition to the PAI data that was utilized from this ITD, low speed aerodynamic performance as measured in the wind tunnel test was also utilized.
ITD50A focused on reducing flap side edge and landing gear noise. The noise reduction technologies and resulting performance impacts are detailed in Thomas, et al. 32 . The landing gear fairings were accounted for in the vehicle design by increasing the landing gear weight by 2%. The flap side edge technology was weight neutral.
In addition to the ITD technology assumptions provided above, several N+2 subsystem technologies were utilized. An advanced hybrid Solid Oxide Fuel Cell (SOFC)/gas turbine APU, see Daggett, et al. 33 , was assumed to be operable throughout the mission, thus partially relieving the engine from secondary system power requirements. The net benefit of reducing engine fuel flow while accounting for increased APU fuel flow was a 1% reduction in engine fuel flow. Finally, the more electric aircraft design philosophy was assumed to include electromechanical actuators (EMAs) along with the zero bleed engine architecture, see Blanding 34 . The EMAs are assumed to reduce the hydraulic system weight by 10%.
The set of technology assumptions described above was then integrated into N+2 vehicle models utilizing FLOPS. The optimization problem formulation described in Section III.A for the baseline vehicles was utilized to size the N+2 vehicles with the addition of aspect ratio (AR) as a design variable, which was allowed to vary up to a maximum value of 11. For the HWB concepts, the planform was fixed, but the engine thrust was optimized. The starting design point for the HWB concepts was obtained from previous work by Nickol 35 . For the low speed aerodynamic performance, a set of low speed takeoff and approach polars were estimated utilizing an updated version of the Modified Vortex Lattice (MVL-15) code 18 . MVL-15 was calibrated utilizing 737-800 low speed aerodynamics data, and subsequently utilized to generate all of the N+2 T+W, MFN and OWN low speed polars. The low speed performance characteristics of the N+2 designs drive the noise estimates, therefore several key parameters were monitored and adjusted during the sizing process. Approach speed was kept as low as possible to reduce airframe noise. Approach throttle setting was also kept as low as possible, but high enough to meet the missed approach constraint. Throttle setting at cutback was also kept as low as possible, but high enough to maintain flight on one engine after cutback. For the T+W301, a slightly non-optimum (in terms of min TOGW) thrust was specified to help reduce the cutback throttle setting. That is, the engines were sized at a higher thrust than needed to meet all of the constraints so that a larger cutback margin was obtained. This is one example of a direct tradeoff between fuel burn and noise performance. In the case of the HWB301-GTF, noise performance was reduced to improve fuel burn by constraining the GTF fan diameter to 132 inches. Larger fan diameters (and associated bypass ratios) help to reduce noise, but the larger and heavier engines are not optimum from a PAI and fuel burn perspective. Throughout the design process fuel burn and noise tradeoffs were made in an attempt to arrive at the best balanced design.
IV. Noise and Emissions Modeling
The focus of this study and the vehicle modeling analyses presented above has been on quantifying fuel burn reduction performance of advanced (N+2) concepts. As stated in the introduction and shown in Figure 1 , noise and NOx emissions reductions are also part of the goal of ERA and will be briefly addressed in this section.
A. Noise Modeling
Data from the vehicle modeling work presented above, including low speed performance, takeoff and landing trajectories, engine source noise estimates, etc., was utilized by the ERA acoustics team to produce the noise assessment. This work can be found in Thomas, et.al. 32 , and includes the analysis and results for the N+2 concepts presented in this paper.
B. Emissions Modeling
For NOx emissions modeling, the landing and takeoff (LTO) cycle defined in the CAEP/6 regulations is intended to represent a single airplane operational cycle near airports. This cycle consists of four operational segments, each having a different throttle setting and time in mode. The parameter regulated, LTO NOx, is commonly written as Dp/Foo in the ICAO literature. Dp is the amount of NOx generated over the four segments of the operational cycle (in grams), and Foo is the maximum takeoff-rated sea level static thrust (in kilo-newtons). The thrust settings and times for the four segments in the landing-takeoff cycle are shown in Figure 2 . Emissions modeling is based on data generated from ITD 40A. The systems analysis team utilized NASA derived NOx emission correlations based on sector-testing carried out under ITD 40A. The set of equations (shown below) was used in combination with NPSS representations of N+2 engine cycles to estimate LTO NOx values. P3 and T3 are the combustor inlet pressure and temperature and EINOx is the resulting NOx emissions index.
These values were then compared against the relevant ICAO stringency levels which are a function of engine overall pressure ratio, as shown in Figure 3 . The ERA project LTO NOx target is relative to CAEP/6, or Tier 6 as it is more commonly referred to at present, represented by the solid blue line in Figure 3 below. The lighter solid blue line represents a 60% reduction which is both the NASA N+1 target and the FAA's CLEEN (Continuous Lower Energy, Emissions, and Noise) program target. The solid green line represents the NASA ERA N+2 target of 75% reduction.
V. Results and Conclusions
The technology and modeling assumptions presented in Section III.B and C were utilized to generate optimized N+2 concepts that provided the basis for estimating the fuel burn, noise and emissions performance as compared to the ERA goals. Table 11 shows the results for the RJ and SA designs, both T+W and OWN concepts. 
Regional Jet Single Aisle
The value in parenthesis in the "Block Fuel" row is the percent reduction in block fuel burn relative to the baseline aircraft. The N+2 concepts were able to meet the same requirements and constraints as the baseline aircraft, but with significantly reduced wing area and thrust, helping to further reduce weight (the baseline ERJ-190 OEW is ~64,000 lb compared to the T+W98 OEW of 53,600 lb) and fuel burn. The baseline ERJ-190 wing area is ~1,000 ft 2 , and the thrust per engine ~20,000 lb, compared to the T+W98 values of 855 ft 2 and 15,000 lb. Table 12 shows the results for the STA and VLTA designs, both the T+W and the HWB concepts. Note the differences between the T+W and HWB concepts. The HWB concepts have a higher start of cruise L/D, resulting in a lower overall fuel burn. This fuel burn advantage grows with scale, but also requires a larger wingspan than the equivalent technology T+W concept (260 ft vs 247 ft for the VLTA concepts). Table 13 shows the N+2 T+W301 and HWB301concepts, with DD and GTF engines. 
Large Twin Aisle
The HWB301-GTF was estimated to have a fuel burn reduction of 47% relative to the 777-200LR baseline. The HWB301 wingspan of 250 ft is greater than the equivalent technology T+W concepts which have spans of ~226 ft, and much greater than the 777-200 baseline which has a wingspan of ~212 ft. Previous unpublished HWB planform studies have shown that HWB concepts tend to optimize at higher wingspans then their T+W counterparts. Airport compatibility constraints may require wing tip folding capability for these higher span HWBs, similar to what is planned for the Boeing 777X. Table 14 shows the final N+2 concept which was the MFN301-GTF. The MFN301-GTF is also estimated to have a 47% fuel burn reduction relative to the 777-200LR baseline. Figure 4 presents a summary of the fuel burn reductions for all of the N+2 concepts, with the ERA target of 50% shown by the red line. Although there were no N+2 concepts estimated to meet the target, several concepts reached 47% and the HWB400 was estimated to have a 49.4% reduction, relative to the 747-400 baseline. The HWB216-GTF was the only concept to meet or exceed the noise target. This is mainly attributable to the relatively low 115 knot approach speed achieved by the HWB216. The low approach speed was a result of the low wing loading of 38 lb/ft 2 , due to significant weight savings from the ITD 21A PRSEUS and S/RI technology. As discussed in Nickol 35 the HWB planforms were developed by wrapping the centerbody airfoils tightly around the pressurized payload volume and then designing the transition and outer wing sections based on maximizing aerodynamic efficiency while minimizing overall weight. The HWB planforms were then fixed, and only engine thrust was varied during the optimization. As the weight decreased significantly with a fixed planform, the wing loading also decreased. A future design iteration for the HWB216-GTF is needed to reduce the wetted area to improve the aerodynamic efficiency and reduce fuel burn. The wing loading and approach speed will increase, reducing the noise performance, but the overall concept should have improved fuel burn performance. This would be a more balanced design and might be able to meet all three ERA targets simultaneously.
Examining the noise, fuel burn, and emissions results, the HWB-GTF concepts provide the best overall performance and are summarized below in Table 15 . Although no one vehicle was estimated to simultaneously meet all three ERA N+2 targets, the HWB concepts came very close to meeting the aggressive ERA goal, and represent very significant advances in the state-of-the-art.
